Accepted by Cement and Concrete Composites, 2015.
Simulation Studies of Methods to Delay Corrosion and Increase Service Life for

Cracked Concrete Exposed to Chlorides
Scott JoneNicos Martys, Yang Lu, and Dale Bentz

Engineering Laboratory
National Institute of Standards and Technology
100 BurealDrive, Stop 8615
Gaithersburg, MD 20899 USA
E-mail: scott.jones@nist.gowicos.martys@nist.geyanglufrank@boiseste.eduy
dale.bentz@nist.gov

Abstract
The ingress of chlorides ireinforced concretkeads to the onset steel reinforcement
corrosion and eventwually c¢ompr atsnsewieeslife and st r uc
i mprove safety, It is cruci al to develop soun

this paper, results are presented for numerical simulations to study the effectiveness of fillers for
repair of cracks in concrete, sotasdelay the onset of corrosion rieinforcing steelConcretes
without cracks and with either@ pm or500 pm wide crack located directly above thieel
reinforcementare simulated, with the addition of silica fume, a corrosion inhibitor, or epoxy
coaed reinforcement being considered as additional scenarios. The effectiveness of the crack filler
depends not only on its inherent diffusivity with respect to chloride ions, but also on its ability to
penetrate and filthe damaged zone or interface betwélee open crack region and the bulk
concrete. Additional simulations indicate that using continuum models instead of models that
include details of the rebar placement can lead to underestimating the chloride concentration and
overestimating the servicéfd. Experiments are needed to study the ingress of chlorides in
damaged (interfacial) regions adjacent to the crack or aethtorcementsurface, as the local
transport propertiesf these regionsan significantly influence service life predictions.

Keywords: Chloride ingress; corrosion; crack fillezinforced concreteservice life; transverse
cracking.

1.0 Introduction

With the recent emphasis on sustainable building practices, it has become critically
important to increasthe service life breinforced concrete. Besides its strength and insulating
capabilities, an important function of the concrete in a reinforced concrete structure is to serve as
a cover/barrier to protect steedinforcementfrom the onset of corrosion, most often due to
chloride ingress Here, transport properties, thickness of cover, chemical interactions (binding),
resistance to cracks, and repairability of the concrete covelaptaycial role in determining its
ability to limit chloride ingress over the service Idtthe structure. While the transport properties
of concrete can be controlled such as to produce very low diffusivities in the bulk ragions,
practice|t is the presence amgtowthof cracks that often provide the maiatipways for chloride
ingress [12]. There are many mechanisms that produce criackencrete plastic, autogenous,
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and drying shrinkagethermal and mechanical loadindesign issuesuch as unanticipated
loadings and expansive degradation reactions. In addition, the crack netvemtiake on a variety

of geometric forms and have a tendency to localize in certain regions of the concrete, due to the
underlying mechanisms producing the cracks. One of the simplest types ohg@afcgractical
importance in civil infrastructure is theatrsverse crack. Here, the crackmest oftensituated
directly above the top layer of transversmforcemenaind extends from the outer surface inward,
hence serving as a conduit for water and chlorided.[Eor examplewhen thecrack penetrates
through the concreteoverthickness and theracked concrete surface is exposed taohg salts,
significantchlorides can reach thieinforcementn less than a yeaso as to initiate the corrosion
process and thudramaticallyshorten the service life dhe reinforced concrete [2]. Clearly,
accurate estimates of service life for infrastruetelementsre needed for robust IHgycle cost
analysis of structurePue to the complexity of such systems, let alone accounting for different
scenarios of enwwnmental exposure, computational modeling in tandem with expeament
investigationcanplay a crucial role in providing such information.

In this paper, resultsf anumerical studyare presentedo determinethe effectiveness of
fillers (epoxy or methacrylatbased) for repair of cracks in concrete, so as to mitigate the onset of
corrosion insteel reinforcemengollowing up on a previous study [3], concretes without cracks
andthosewith either a50 pum or500 um wide transverse crack are simulated. Concrete mixture
modifications, such as the addition of silica fume or a corrosion inhibitor, as well as the
incorporation of epoxgoated reinforcementre considered in additional parametric studies.

2.0 Model/Methods/Approach

In this work atwo-dimensional model is used to represent the conaétagth ofebar,a vertical
crack, anda damaged zonéDZ) near the crackurface.The crack and thBZ are modeled aa
rectangleo simplify the geometry and represent a waeste scenaribthe width of the rectangle
is assumed to be the crack mouth opefigjgFigure 1 shows a schematic representation of the
model.Based on symmetry considerations, only one half of the geonsetnpdelled, with an
adiabatic boundary condition being enforced at the centrabaxisit the edges of the domain
fixed concentrationd , of chlorides is introduced at the exposed surfacgmulate exposure
due to application of dieing sats at the surface The concentration profile throughout the
concrete, as a function of time,ggbsequentlgetermined.

The service life of the modetinforced concretevas determined by calculating the time
required for the concentration of &ehloride ions to reach a certain threshold léwahitiate
corrosionat the design depth diie reinforcementin this studywe write the threshold level as
theratio of the chloride concentration at the rebar to the chloride concentration at Hue sarf
the concrete{  j & )[3]. For thevalue of6 =872.3 mol/m (a5 % NaCl solutionused in
this studythe initiation of corrosiolis assumed ttake place ab j6 equalto0.1, 0.3, and
0.5 for the case®f black (uncoatedyebar,black rebar withthe addition ofa typical corrosion
inhibitor admixture, and epoxgoated rebarespectively{4-7]. The corrosion threshold values
used in this study are derived from laboratory specimens using theehgdbtential nethod[5,8].

It is recognizedthat thesevaluesare dependent on the testing method, dbedition of the
reinforcing bars, and the environment surrounding the reinforcembatvalues used in this study
represent avorstcasescenario, i.e., the lowesitreshold level found in the literatur@he effect
of adding silica fume as supplementary cementitious material at tgamcentrationsvas also
modeled by adjusting the effective diffusivity of the concféie



2.1 Simulation Approach

To assess theffecivenessof the crack filler on the service life, several model parameters were
varied according to table 1. A basase model wafirst run, where the camete did not contain a
crack.
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Figure 1: Schematic diagram of twdimensional domain used to model chloride transpc
into (cracked) concrete. The domain is divided up into three regions representing the cr
DZ, and the bulk concrete. Each region is defined by a rectaamglehe transmt properties
of each are as defined in tableThe red dots represent points where the chloride
concentration was recorded for service life calculations.

This model served asraference focomparisorto simulationsontaining cracks anasingcrack
fillers. Two crack geometries were modeled¢luding a large 500 um wide crack and a
small 50 um wide crack. For each crack geomettlie crackwas saturated with a solution of
chloride iongat thesame concentration as the external solutiofijled with eitheramethacrylate
or an epoxy crack filler. This was done fohree differentconcrete diffusivities intended to
represent an ordinaportlandcement (OPCgoncreteandconcretewith either 5 % or 7 % silica
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fume addedon a mass basisvith waterto-cementitious materials ratiov(cm)of approximately
0.40[9]. The effect of theliffusivity of the DZsurrounding the craakn the chloride concentration

profile was studied by assumirgatthe DZ diffusivity was restored to the bulk concretalue

(Doz = Dconcretd, remained at 20 times the bulk concrete diffusivitpdAB 20*Dconcretd, Or was
repaired by the crack filler @ = Dcrackiiler). Results are presentédble 2)as thepredictedservice

life of the structure and the free chloridencentratios at cover depths of 5inm, 76mm, and

102 mm as a function of time.Two types of crack fillers where examined. One had a diffusivity
greater than the bulk concrete, while the other had a diffusivity lower than the bulk comarete.

the analysis of the results, the change in service life over the base case and when the crack is filled
with a crack filleris explored.

Table 1: List of mateial properties and dimensions used for this study.

Variable Value Description
1.5x10%2 m?/s | Diffusivity of concrete
Dconcrete | 0.5x102 m?/s | Diffusivity of concrete vith 5% silica fume
0.3x10'? m?/s | Diffusivity of concrete vith 7% silica fume
Ddamage 20*Dconcrete D|foS|V|ty Of damaged Zone
D 2.0x10%° m?s | Diffusivity of 50 um wide crack
crack  |"4.0x10%° m?/s | Diffusivity of 500 um wide crack
Dmethacrylate | 2.0x10% m?/s | Diffusivity of methacrylate
Depoxy | 1.0x10 m?/s | Diffusivity of epoxy
d 20.0mm Crack depttof 50 um wide crack
crack 40.0mm | Crack depthof 500 pm wide crack
25.0 um Half width of crack with depth 20 mm
Werack 250.0um | Half width of crack with depth 40 mm
Giarma 21.0 mm Depth of damage zone with crack depth 20 mm
amage 440mm | Depth of damage zone with crack depth 40 mm
W 1 1.025mm | Width of damage zone with cragkdth 50 um
damage 425mm | Width of damage zone with cragkdth 500pm
Cext 872.3 mol/mi | CI- concentration at top surfa¢® % NaCl solution)
L 2040 mm | Concretehickness
W 1000mm | Width of section
K 3.0x107 st | CI binding reaction rate
o 2.4 Parameter ifinear CI bindingisotherm

Depth of damage zone includes full depth of cradkitwof damage zone includes halidth of crack (Figure 1).

2.2 Cracked Concrete Domain

In figure 1, three regions of the concrete domain are defined to represent the crack, its surrounding
DZ, and the concrete cover. The crack is modeled as a rectangle with the width being the crack
mouth opening and the length representing the crack depth. This geometry is idealized, as real
cracks narrow as their depth increases and theimpayhbetortuows. The diffusion coefficient of

the solution in thecrack is given in table 1. The diffusivityf the crack listed in table 1 is an
effective diffusivitythatincludes the influenseof molecular diffusion, permeability, and water



and vapor transport in ¢éhconcrete covdB]. In this work, two (bounding) crack geometrieg ar
used. Theeffectivediffusivity of the 50 um (small) crack is set at XD0° m?/s, and a value of
4.0x10° m%s is used for th600um (large) cracko account fomn increase ifonic transport in

the larger crack3]. Around the crack is the DZ. In the DZ, tbencretediffusivity is greater than
that in the bulk concreteas a result of the surface characteristics of the crack and-micro
crackingdamageadjacent tahecrack[10]. The size of the DZ is assumed to depend erctiack
width and is set &.0 mm for the small crack and 4.0 mm for the large craekbrated to match
data from laboratory studie$l]. Thenominaldiffusivity of theDZ is assumed to be 20 times that
of the bulk concrete for all cases [3]. Chloride bindingssumed to be unaffected by DE;

thus the chloride binding paramegarethe same in the DZ as in the bulk concrete.

It is common in the construction industiy repair concrete cracks, especially if these
cracks are in a structure such as a bridge deck. Repair methods vary, but in general the cracks are
filled with a crackfilling material [12]. The type of material used to fill the crack is typically either
a methacrylate or an epoxy materiaBJ[1In this work, the chloride ion diffusivity of the
methacrylate and the epoxy was estimated from the diffusivity of water in these polymers, by
assuming that the ratio of the crack filewater diffusivity to chbride ion diffusivity is equal to
the rat i o -diffésivity tothéoridé ion ddfesivity in water. The water diffusivities for
methacrylate and epoxy were taken from] [And [15], and the water selfiffusivity and chloride
diffusivity values were taken from @] and [17]. The diffusivity values are determined assuming
isothermal conditions &5 xC. When simulating an epoxy or methacrylate crack filler, it is
assumed that the crack filler is present when the simulation beginsOaahd that the chloride
content in the concrete is zerdhis allowsfor comparison of theervice life between the cases
with and without a crack filler arfughlightsthe effect the crack filler has on the ingress of chloride
ions.

The effect of themethacrylate or epoxy is modeled by setting the diffusivity of the crack
equalto that of the chloride diffusivity of the crack filler. The effect that the crack filler has on the
DZ is unknown, so each case is run with thiusivity of the damage zonenchanged (20x
concrete diffusivity), restored to that of the bulk concrete, and changeddoialto the diffusivity
of the crack fillematerial itself

2.3 Description of Mathematical Model

For this studywe assume that the concrete is fully satutegech that thengress of chlorides into

corcrete is drivenstrictly by diffusion Previous models have assum
behavior and mdeled the chloride ingressingan apparendiffusion coefficientthat accounts

for not only diffusion, bticapillary suction and bindin@ heapparendiffusion coefficient iften

estimaed by determining the total chloride concentration as a function of depth into a concrete or
mortar specimen and fitting equatitmo the results through a nonlinear reggien. Equation is

the solution to Fdinehksidormkemimfmitespatialldeamain &nd tmd@j.n e

6ad .. ®
= Q1 "Q—— (2)
0] ¢ O o

where erfc(x) represents the complementagyf (error) function (=Zerf(x)). In our approach
chloride ion transport due tmnvections not consideredut we do includéhe chloride binding
procesexplicitly by separatelae d di ng a react i on .Chdoridaionsanthei c k 6 s
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pore solution of concrete interact witthe cementitiouphasesn a process known as chloride
binding.Bi ndi ng i s a resul t o fandtother redctoon proalucmdtine of Fr
physical absorption of chloride ions hbgalcium silicate hydrategel and other hydration
products[19]. To model chbride binding, Freundlich, Langmuir, and linear isotherms are
commonly used. These isotherms relate the concentration of chlorides bound to concrete to the
concentration of chlorides in the pore solution. The Freundlich, Langmuir, and linear isotherms
aregiven in equationg to 4.

Freundlich: 0 ‘0 (2)
" | O

Langmuir: O —_— 3

g o 18 (3)

Linear: 6 6 (4)

In equations2 to 4,0 andO are the bound and free chloride concentratibnand; are the
Frendulich parameters, andf are the Langmuir parameters, and the ratio of the bound to
free chloridesn the linear isothermin this work,to increase numerical stabilitg,simplelinear
isotherm, via equation 4yas implemente{B].

In this paper,he mass transport afefe chloride ions inta saturatedoncrete is modeled
usi ng seeancldwonvgh the addition oflandingterm,shown inequationb, which is solved
over the domain in figure 1. In equatibnO s theeffectivediffusivity that describes chlate
ion transport resulting from diffusion. The sink due to chloride binding is represented by the
reaction term on the rigitand side of equation 5.

6 .
T—b no0 e Q6 _6 (5)

The chloride binding process is modeled as adirder reaction described by equation 6.

0, @8 6 (6)
In equations 5 and 6, is the free chloride concentratian, is the bound chloride concentration,
and Qis the reaction rate of the binding process. The solution to equatidn, is used in
equation 5. In the software packad#ized in this researchboth equations are solved at each time
step and the productd is not allowed to exceedl . The total chloride concentration at a given
location for a given time step is the sum of the free and bound chlorides.

In the cases where the crambntainsan epoxy or methacrylate, equation 5 describes the
transport of chloride ions through the craitlef. Here, the binding between the chlorides and the
epoxy isnegligibleandQ 1. The effective diffusivitppecomeshe diffusivity of chloride ions
in the crack filler.



24  Solution to Mathematical Model

To solve equations 5 and 6 over th@main in figure 1, a commercial finite element software
package was usd@€omsolMultiphysic$®). This package allows one to define a set of domains
and the equations and boundary conditions that are applicable. For each study, the domain was
discretizedusing triangular elements. The software automatically determines the appropriate
element size and number of nodes, with the user having the abifiytier refine the element
density. Figure 2 showsstypicalmesh used in thistudy The mesh density wancreased around
the crack andZ to improve solution conversion amulecisionof results The simulation was
carried out ove50 yearsto ensure that the end of service life was reached for each concrete
mixture at a depth of 102 mnTheresultswerereported and stored every 5 years. The software
automatically determines the appropriate time &iagseat each iteration.

The output of the simulation is the free (equation 5) and bound (equation 6) chloride
concentratios at each time interval. Tke concentrationsorresponding taepths of 51 mm,
76 mm, and 102 mnwere exportedo represent tiee typicalcover depths. These points nee
located on a line positioned %0n to the right of the crack geometas shown irfigure 1, or
directly down theédft side of the (half) specimen when no crack was present

Figure 2: Triangular mesh used to solve equations 5 and 6. Mesh density is increased
the crack an®Z (upper left of mesh) to improve precision of results.

3.0 ResultdDiscussion

Theresults presented here are the service life for reinforced concrete structures as predicted by the
solution to equations 5 and 6. All results presented here are for OPC concrete except where the
addition of silica fume is notedTo test the performancef the finite element methoadne
dimensional and twd i me nsi onal sol uti ons dhe aferagekegos | aw
between the solution in equation 1 and the finite element solution was 7.2 % at 75Tyears.
majority of thedifference between é&finite element solution and equation 1 is a result of the fact

that the latter assumes the medium is safmite, while the finite element solution contains a no

1 Certain commercial products are identified in this paper to spéwfynaterials used and procedures emploled
no case does such identification imply endorsement or recommendation by the National InstitatelafdS and
Technology, nor does it indicate that the products are necessarily the best available for the purpose.



flux boundary conditiomt the bottom surfac&his result demonstrates a good agreemetwden

the finite element solution and the analytisab | ut i on t I this studk Gesultslae w .
reported at time of75 years to show the chloride concentratioa reinforced concrete structure
designed for a 75 year service life

3.1 Basecase: No cracks in cover

The basecase configuration represents the control, where the aowsreteis pristine and
contains no cracks. Service lives calculated from the free chloride ion concentration are given in
table 2. The serviceMes for coverdeptts of 51 mm, 76 mm, anti02 mm veredetermined to be
34years, 76/ears, and 137 years, respectivélg.expected, increasing the cover depth increased
the service lifeas a larger cover depth increafige distance the free chloride ions have to frave

to reach theebarand diffusion times (service life) scale as the square of the cover(deptiling

the cover depth should increase the service life by a factor of 4, as obs&heeddidition of silica

fume to concrete was assumed to reduce itsisiifity (table 1); becawsof this, the results in
table 2 showan increase in service life as the silica fume percentage incréasgbe 51 mm

cover depth, adding 5 % and 7 % silica fumzeéased the service life 1®3years and 172 years,
respectivy. However, fdica fume may increase earbge cracking due to an increase in plastic
and autogenous shrinkage that is particularly high when the concrete is improperly cured or
exposed to elevated temperatura322].

Table 2: Service lives calcutad from the free chloride ion concentration determined by sol
equations 5 and 6. These results serve as thechaseservice livelor comparison witlservice
lives calculaedfor cracks and crack fillers.

Variable Servicelife (years)| Increase

51 mm cover 34 --

76 mm cover 76 120 %
0 jo T | 102 mm cover 137 300 %

5% silica fume (51 mm) 103 200 %

7% sllica fume (51 mm) 172 410 %
0 jo @ | Corrosioninhibitor (51 mm) 86 150 %
0 jO T® | Epoxy-coated rebar (51 mn 203 500 %

With the assumptions used in the study, the use of a corrosion inhibitor increased the
service life from 34 years to 86 yeansthe case of a 51 mm cové&orrosion inhibitors interact
with the chloride ions in th@ore solution, reducing the free chloride concentration and the
[CI]/[OH] ratio [4,5,23]. This corresponds to an increasehe threshold chloride concentration
required to initiate corrosion and thus in #&vice life asreflected in the resultsitable 2. For
this study, it was assumed that corrosion began to occur when j 0 @, based on
experimental results given in3R Higher dosages of corrosion inhibitor generally produce further
increases inthe value @f  j O required to initiate corrosion.

Using an epoxycoated rebar increased the service life to 203 yAgain, thisapproach
is modelledby increasing the threshold chloride level needed to initiate corrosion at the depth of
the reinforcement from 0tb 0.5[24].



3.2 Small cracks in cover

In this section,he results are reported in three groups to show the effect of the crack in the cover,
the effect of filling the crack with crack filler, and the effect of changing the DZ diffusivity when
acrack filler is used. Figure 3 shows the free chloride ion concentraften75 yearsin OPC
concrete containing a small crack. Figure @asents results fahe case where the crack is
saturated with a chloride ion soluticaand figures 3b and 3wresentesultsfor when the crack is
filled with eithermethacrylate or epoxy, respectively.

Table 3showsthe service life for the case of58@ pum widecrack in the cover. The last
column is the change in service lifgative tothe basecaseresults reported in table Xalues in
parentheses represergrajecteddecrease in service life. The service fdethe casevith a 51mm
cover and a small crackiisduced t®3 years a 32 % reduction from the base cage. might be
expected, vth athicker102 mm cover, the reduction in service life is only 8/#hen 5% or 7%
silica fume is used in the concrete tape, the small crack reaed the service life t69 years and
113 years, espectively, corresponding to 38 and 34 % reductiain service life over the base
cases witlthe same levels dfilica fume.This can be explained by the difference between the
crack diffusivity and the concrete diffusivity, which is larger for silica fume concrete
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Figure 3: Free chloride concentration & years in OPC concrete cover with a small cras

when the crack is (a) saturated with a chloride solution, (b) filled with methacrylate, an

filled with epoxy. TheDZ diffusivity is assumed to be the concrdtiusivity when the crack
is filled with methacrylate or epoxy. Units of concentration are mol/m



Table 3: Calculated service life at various depths with a small cradkerconcrete cove!
showing the effect the crack has on the service life otitueture along with the change fror
the uncracked casdparentheses denote a negative chanBelk concrete diffusivity is
1.5x10 m?/s, except in the cases of the 5 % and 7 % silica fume mix(seesTable 1)

: Servicelife | Change from
Variable
(years) uncracked case
51 mm cover 23 (32 %)
76 mm cover 65 (14 %)
0 j O T | 102 mm cover 126 (8 %)
5% silica fume (51 mm) 69 (33 %)
7% sllica fume (51mm) 113 (34 %)
0 j O @ | Corrosioninhibitor (51 mm) 67 (22 %)
0 Ke} T™® | Epoxy-coated rebar (51 mm) 167 (18 %)

than it isfor OPC concrete. The larger difference in diffusivities magnifies the effect of the crack,
as theions travel much faster through the crack than through the silica fume concrete. While the
change in service life is much greater for silica fume concrete, the service life of silica fume
concrete with a small crack is still greater than that of OPC etmuaiith a small crack, assuming
the cracks to be the same in the two concretes. For the case of a sprallvéile crack and a
cover depth 061 mm, the silica fume increased the service life frony@8rs t069 years with
5 % silica fume and to 113 yeawith 7 % silica fume.

The corrosion inhibitor icreased the service life from 23 years toyé@drs when a crack
is present. In this model, it is assumed that the corrosion inhibitor does not affect the diffusivity of
the concrete or the chloride bindingaction rate; it only acts to increase the percentage of free
chloride ions necessary to initiate corrosairthe reinforcement deptfihe time it takes for the
free chlorides to reach the rebar remains the same. The increase in service life isoh ttesult
requirement thathe concentratiorof free chloridegpresenimust be three times hightr initiate
corrosionwith a corrosion inhibitor than without on&/hen a corrosion inhibitor is used in the
base case, the service life is 86 yediserefore the effect of the small crack is to redube
service lifeto 67 years, a 2% reduction.

A similar result is seen with the eporgated rebar. It increasethe service life
from 23 years to 16¥ears when the crack is present, bsisérvice life waseduced by 186 over
the base epoxgoated rebafno crack)case. Thaise ofepoxycoated rebar does not affect the
diffusivity of the concretgit requires aigher concentration of free chloride icise present to
initiate corrosiorcompared to the use of black rebar

Table 4 shows theorrespondingervice life when the crack is filled with methacrylate or
epoxy crack fillerand theDZ diffusivity is restored to the value of the bulk concrétee change
column represents the pert@hange in service life over the base case in table 2. The predicted
service lives in table 4 are approximately equal to the base case withireclease in service life
for some casess the diffusivity of the epoxy filler significantlylower than hat of the control
bulk concrete The lower epoxy diffusivity means chloride ions travel slower througlctiaek)
matrix. This is the reasamhy the service life is restored to the-cnacked case and suggabiat
effective crackilling means selectig a crack filler with a diffusivit)comparabldo that of the
surrounding concrete.
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Table 5 presents the service life when the DZ diffusivity is varied, for those cases where
the crack is filled with a crack filler. When the DZ is assumed&o20 times the concrete
diffusivity, the service lives associated with use of methacrylate or epoxy crack filler were
computed to be 18 % lower than the case where the DZ is assumed to be the concrete diffusivity
when the crack filler is present. As th@ver increases, so does the service life, while the influence
of the crack decreases. The change in service life from the base case decreases to 4 % for both
methacrylate and epoxy when the cover is 102 mm and the DZ diffusivity is 20 times the concrete
diffusivity. Assuming that the DZ diffusivity is the same as the crack filler diffusivity effectively
restores the service life to the base case for the methacrylate and produces a 3 % increase for the
epoxy, once again due to its lower assumed chloriddifarsivity.

To further demonstrate the effect of the DZ diffusivity on the service life, the free chloride
concentration is plotted in figures 4 and 5 as a function of time for the caseXdf i@ cover
containing a small crack. Figure 4 shows the tieleride concentration for the cases where the
crackfilling material is methacrylate, and figure 5 shows results for the cases where the crack
filling material is epoxy. The horizontal lines in figures 4 and 5 represent the threshold chloride
levelswherecorrosion initiation begins for black rebar, black rebar with corrosion inhibitors, and
epoxycoated rebars. In both figures 4 and 5, for the cases where the DZ diffusddtynes the
bulk concrete diffusivity, the chloride concentration is signiftbahigher than for the other two
DZ diffusivity cases, but not as high as the case without the crackTitlese results indicate that,
if the crack filler does not positively influence the surrounding damage zone, the DZ may become
the new preferredgthway for the ingress of chloride ions.

Table 4: Calculated service life with methacrylate or epoxy crack filleramall crack showing
the effect the crack filler has on service life. These results were calculated with the DZ diff
equal to théoulk concrete diffusivity, when the crack is filled with methacrylate or epoxy.

: Service Changefrom
Variable .
life (years)| uncracked case

51 mm cover 34 0%
= 76 mm cover 76 0 %
>0 jo T | 102 mm cover 138 1%
@ 5% silica fume (51 mm) 102 (1 %)
= 7%sllica fume (51 mm) 171 (1 %)
=6 jé @ | Corrosioninhibitor (51 mm) 87 1%
0 j o T™® | Epoxy-coated rebar (51 mn 204 1%
51 mm cover 34 0 %
76 mm cover 76 0%
>0 jo T | 102 mm cover 138 1%
S 5% silica fume (51 mm) 103 0%
L 7% silica fume (51 mm) 172 0%
0 jo @ | Corrosioninhibitor (51 mm) 88 2%
0 j O T® | Epoxy-coated rebar (51 mn 204 1%

Table 5: Service life withmethacrylate or epoxy crack filler asmall crack with differenbDzZ
diffusivities. Bulk concrete diffusivity is assumed to be 1.5%13?/s, and ad of service life is
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assumed to be wheén | O
table 2.

1. Percent change calculated from basease results ir

Variable Service life (years) Change
. 1 mm cover 2 18 %
£ | No DZ repair > cove 8 ( . o)
2 | Doz = 20*Deancrete 76 mm cover 70 (8 %)
o 102 mm cove 132 (4 %)
g Crack filler repair >1 mm cover 34 0%
= Doy = D P76 mm cover 76 0%
bz = Hmethacyiae 71 02 mm cove 138 1%
. 51 mm cover 28 18 %
No DZ repair ( )
- | Doy = 20*D 76 mm cover 70 (8 %)
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Figure 4: Free chloride concentration at a depth of 51 mm into the concrete cover a
function of time for different DZ diffusivities with methacrylate crack filler. These results

for

the small $0 um wide) crack.
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Figure 5: Free chloride concentration at a depth of 51 mm into the concrete cover a
function of time for different DZ diffusivities with epoxy crack filler. Tiea®sults are for the
small 60 um wide) crack.

3.3 Large cracks in cover

To study the effects dhe crack size, the simulation program was repeated for the larger(b
wide) crack geometry. The results presented in table 6 show that the large crack redi
service life to 1 year for the case of a 51 mm cover, a 98 % reduction over the baSeidas
large reduction may seem extreme but has also been noted in actual p2hdinceeasing the
cover increased the service life, but the effect of this is limited, as the service life is inc
by 82 years for a cover depth of 102 mm, comparedn increase of 103 years for the sn
crack and the same cover depth. The depth of the large cré@knm, placing the bottom c
the crack onlyl1 mm above the rebar for the 51 mm cover (even closer when the damag
is considered as well). Figeiba shows the free chloride ion concentration as a functic
position in the cover. The chloride concentration around the bottom of the crack is high
that in the bulk concrete. This shows that the crack allows chloride ions to bypass tt
corcrete. The effectiveness of the covesignificantly reduced because the large crack all
the chloride ions to penetrate farther into the cover without having to travel through the c
by diffusion.
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Table 6: Calculated service life at various depths with a large crattieiconcrete cover. Bull
concrete diffusivity is 1.5xI& m?'s except in the case of the 5% and 7% silica foorerete
mixtures (ref. table 1).

Servicelife | Change from

Variable (years) uncracked
case
51 mm cover 1 (97 %)
76 mm cover 26 (66 %)
0 jo T | 102 mm cover 83 (39 %)
5% silica fume (51 mm) 2 (98 %)
7% silica fume (51 mm) 4 (98 %)
0 jo @ | Corrosioninhibitor (51 mm) 4 (95 %)
0 j o ™ | Epoxy-coated rebar (51 mm) 16 (92 %)

Additionalresults are given ifigure 6 andables7 and8, with the change calculated with
respect to the base casdable 2 Figure 6 shows the free chloride concentration in OPC concrete
cover containing a large crack. Figure fi@sents the results fone case where the crack is
saturated with a chloride ion soluti@and figures 6b and Goresenthe resultor when the cack
is filled with methacrylate or epoxy, respectiveBymilar trends areseen for all cover depths and
with the use of silica fume, corrosion inhibitand epoxycoated rebaremphasizing the critical
importance of repairing wide, deep cracks in coiecbeidge decks a timely fashion

Table 7 shows the calculated service lite the case whenhe crackis filled with
methacrylateor epoxy and theDZ diffusivity is restored to that of the bulk concret&hen
methacrylate crack filler is used with GRoncrete,le service life increased to §8ars but is
still 3 % lower than the base cas®ith 102 mm of cover, methacrylate has restored the service
life to the base case levels. When methacrylate crack filler is used in a concrete mixture containing
silica fume, the service life is 9&ars for 5 % silica fumeoncreteand 62 years for 7 % silica
fume concrete. Tése service livesorrespond t@l % and6 % reductios in service life over the
base case, respectivelyecause of the lower diffusivityf the uncrackedsilica fume concrete
When epoxy is used as the crack filler, the service livebasiallyrestored to theespective
base case levels (within% to 3 %) as the assumed chloride ion diffusivity in epoxy is similar to
that of the silicdume concretes
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Figure 6: Free chloride concentration @ years in OPC concrete cover with a large crau

when the crack is (a) saturated with a chloride solution, (b) filled with methacrylate, an

filled with epoxy. TheDZ diffusivity is assumed to be the concrete diffusivity when the cr
is filled with mehacrylate or epoxy. Units of concentration are mal/m

Table 8 shows the effect of the DZ diffusivity on service life calculations when the large
crack is filled. For the case of a wide crack filled with methacry@atea cover depth of 51 mm,
the serwvie life is 6 years when the DZ diffusivity is assumed to remain 20 times that of the bulk
concrete diffusivity. The service life increases to 32 years when the DZ diffusivity is assumed to
be the crack filler diffusivity. This trend is seen for all degthd also with the epoxy crack filler.
Filling the DZ with methacrylateénproved the results, but, because there is a larger area of the
model occupied by the methacrylate with the large crack, there is a reduction in service life over
the base case, as ttiéfusivity of chloride ions in methacrylate is slighter higher than that in the
base concrete.

Once again, to further demonstrate the effect of the DZ diffusivity on the service life, the
free chloride concentration is plotted in figures 7 ands8a function of time for the case of a
large crack and a cover depth ®f mm. Figure 7 shows the results for a crack containing
methacrylateFigure 8 shows the corresponding results for an efhidigyg crack. In both figures
7 and 8, for the cases wheie DZ diffusivity is 20 times the bulk concrete diffusivity, the chloride
concentration is higher than the other two DZ diffusivity casasnot as high as the base case
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with no crack filler. Comparing figures 7 and 8 with figures 4 and 5 showsitioal effect of the
crack size. The larger crack allows for higher concentrations of free chloride ions at earlier times,
as noted previouslj].

Table 7: Service life with methacrylate or epoxy crack filleratargecrack in OPC concrete
The DZ dffusivity is assumed to be the bulk concrete diffusivity when the crack contains «
filling material. Percent changecalculatedrom base caseesults in Table 2

Variable Service life (years) Change

51 mm cover 33 (3%)

= 76 mm cover 76 0 %
>0 jo T | 102 mm cover 137 0%
S 5%silica fume (51 mm) 99 (4 %)
= 7%silica fume (51 mm) 162 (6 %)
=6 jo 1@ | Corrosioninhibitor (51 mm) 86 0 %
0 jo T™® | Epoxy-coated rebar (54hm) 204 1%

51 mm cover 34 0%

76 mm cover 76 0%

>16 jo T | 102 mm cover 138 1%
S 5% silica fume (51 mm) 103 0%
L 7% silica fume (51 mm) 172 0%
0 j o @ | Corrosioninhibitor (51 mm) 87 1%

0 jo T® | Epoxy-coated rebar (51 mn 205 1%

Table 8: Service life with methacrylate or epoxy crack filleratargecrack with differenDZ
diffusivities. Bulk concrete diffusivity is assumed to be 1.5%3?%s, and ad of service life

is assumed to be whén  j 0 . Percent change calculated from base case rest
in table 2.
Variable Service life (years) Change
% No DZ repair 51 mm cover 6 (82 %)
€ | Doz = 20*Deancrete 76 mm cover 42 (45 %)
o 102 mm cove 101 (26 %)
5_-3 . .| 51 mm cover 32 (6 %)
= %racl: ];'D”er P76 mm cover 75 (1 %)
Pz ™ Zmehacy&e 11 02 mm cove 137 0 %
_ 51 mm cover 6 (82%)
NO_DZ repalr 26 mm cover 42 (45 %)
> DDZ - 20*Dconcrete
X 102 mm cove 101 (26 %)
) _ | 51 mm cover 42 24%
Crgc;t lellgzprj(falr 76 mm cover 83 9%
102 mm cove 144 5%
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Figure 7: Free chloride concentration at a depth of 51 mm into the concrete cover as a
function of time for different DZ diffusivities with methacrylate crack filler. These results are for
the large (500 um wide) crack.
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Figure 8: Free chloride concentrationadepth of 51 mm into the concrete cover as a

function of time for different DZ diffusivities with epoxy crack filler. These results are for the
large (500um wide) crack.

Figure 9 shows the free chloride concentration around a small crack and/'®yeairs in
OPC concrete for the three DZ values used in this study. Figure 10 shows the free chloride
concentration around a large crack and DZ&years in OPC concrete for the three DZ values
used in this study. In Figures 9 and 10, the effeth®fDZ diffusivity is apparent. Whether the
crack is filled with epoxy or methacrylate, if the DZ diffusivity remains at 20 times the bulk
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concrete diffusivity, the chloride concentration is higher in the region around the crack, as the DZ
effectively becmes the weak link in the system with respect to impeding chloride ingress. This
result suggests that the preferred crack repair procedure might be to carefully remove the DZ
concrete (e.g., routing the crack) before filling the crack with crack fillethdgffect of the crack

filler on the DZ is unknown, further experimental investigation is necessary to determine which
assumption best represents the true effects of these crack fillers.
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Figure 9: Free chloride concentration around a small crack and D3 yars in OPC
concrete showing the effect the DZ diffusivity has on the resulting chloride distribimti@),
the crack is saturated with a chloride solutibm(b), the crack is filled wh epoxy and the Dz

remains at, i© .In (c), the DZ is assumed to be restored to th& bahcrete
diffusivity, and in (g the DZ diffusivity is assumed to be equal to the epoxy diffusivity.

The results reported in table 4 indicate tlingt inethacrylate crack filler can restore the
structure to the bassase service life for all cases. The assumed methacrylate diffusivity
is 2.0x10'2 m?s, close to the assumed bulk concrete diffusivity value of 1:5xa#/s; this
difference is reflectedn the negligible change in service life over the base case. Because the
diffusivities are approximately equal, the base case and the cases involving methélbegdate
cracks are mathematically similar. This is also seen in the results for the gsiieac€uncrete as
the difference in diffusivity between the concrete and crack filler is small compared to the
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difference in diffusivity between the crack and the concrete. A similar behavior is observed with
the epoxy crack filler except the results showaihcrease in service life. The difference between

the epoxy and concrete diffusivities is larger than that for the methacrylate and accounts for this
minor increase.
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Figure 10: Free chloride concentration around a large crack and D3 ydars in OPC
concrete showing the effect the DZ diffusivity has on the resulting chloride distribution. In (a),
the crack is saturated with a chloride solution. In (b), the crack is fillddepoxy and the DZ
remains at, © . In (c), the DZ is assumed to be restored to the bulk concrete diffusivity

and in (d) the DZ diffusivity is assumed to be equal to the epoxy diffusivity.

3.4 Effect of Physical Presence oRebar onChloride Concentration

Finally,t he i nf | ue n glkysicalpreseante®n chlerideacongentration andurn, its
service lifeis examined25]. The effects of iiferent cover depths, inclusion of silica fume, and
use ofepoxycoaed rebarwere onsidered. Figures 11 and 12 show the simulation set up and
resulting chloride concentration profileSince the rebar acts as ampenetrablebarrier, the
ingressingchlorideionsmust move around the reliarorderto progressleeper into the concrete

As a resultjt is observed thahe chloride concentration cancreasenear the rebasurfaceand
consequentlshorten itsservice life. Table 9 shows the change in service life when rebar is
included in the simulation. Surprisingly, the service life tygscally shortened by close to 20 %
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Figure 11: Geometry of basease modelith rebar A #5 rebar with 16 mm diameter is us
with cover depthof 51 mm, 76 mm, and 102 mm.

or more,consistent with therojections of Kranc et al. [25While a possible approach for
mitigating this effect could be to introduce a more permeable layer around the rebar, there is then
the risk ofdecreasinghe strength of the bond betweéme concreteandthe rebar. Regaress,

service life predictions obtained fromodeling that does natherentlyincludethe effects othis
geometrical barrier may needhleadjusedto account for this feature.

Table 9: Service lves for casewvith rebar and without rebar. Results are calculated witk
rebar located at the specified cover depth for OPC concrete except where noted.

_ Servicelife (years Change| Change
ond Without | With With with with
law rebar rebar | rebar DZ| rebar | rebar DZ

51 mm cover 14 34 27 28 (21 % (18 %
& 76 mm cover 31 76 64 66 (16 % (13 %
= T | 102 mm cover 56 137 120 122 (12 % (11 %
0 5 %SF(51 mm) 42 103 84 86 (18 % (17 %
7 %SF(51 mm) 70 172 140 143 (199% | (17%
0 Corrosion . .
B TS inhibitor (51 mm) 35 86 65 68 (24 % (21%)
0 Epoxy-coated 0 o
5 ™™ rebar (51 mm) 84 203 148 156 (27 % (23 %
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Figure 12: Free chloride ion concentration witkinforcement bain model at 50Qears.
Plots show an accumulation of chloride ions on the top surface of the fidtechloride
concentration at 500 years is shown to clearly demonstrate the effect of the reinforcel
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